Apex predators are important indicators of intact natural ecosystems. They are also sensitive to 20 urbanization because they require broad home ranges and extensive contiguous habitat to support their 21 prey base. Pumas (Puma concolor) can persist near human developed areas, but urbanization may be 22 detrimental to their movement ecology, population structure, and genetic diversity. To investigate 23 potential effects of urbanization in population connectivity of pumas, we performed a landscape genomics 24 study of 134 pumas on the rural Western Slope and more urbanized Front Range of Colorado, USA. Over 25 12,000 single nucleotide polymorphisms were genotyped using double-digest, restriction site-associated 26 DNA sequencing (ddRADseq). We investigated patterns of gene flow and genetic diversity, and tested for 27 correlations between key landscape variables and genetic distance to assess the effects of urbanization and 28 other landscape factors on gene flow. Levels of genetic diversity were similar for the Western Slope and 29 Front Range, but effective population sizes were smaller, genetic distances were higher, and there was 30 more overall population substructure in the more urbanized Front Range. Forest cover was strongly 31 positively associated with puma gene flow on the Western Slope, while impervious surfaces restricted 32 gene flow and more open, natural habitats enhanced gene flow on the Front Range. Landscape genomic 33 analyses revealed differences in puma movement and gene flow patterns in rural versus urban settings. 34 Our results highlight the utility of dense, genome-scale markers to document subtle impacts of 35 urbanization on a wide-ranging carnivore living near a large urban center.
Introduction

41
Urbanization is a major threat to biodiversity, and in particular to apex predators with broad home 42 ranges (Cohen 2003; Theobald 2005; Crooks et al. 2017) . Habitat fragmentation due to urbanization can 43 have important impacts on predator movement, disease, and survival (Markovchick-Nicholls et al 2008;  parameter settings (Mastretta-Yanes et al. 2015; Paris et al. 2017) , we incorporated individual sample 141 replicates in library preparations. In each library, we included 3 within and 3 between library replicates, 142 which were used for estimating genotyping error rates for different combinations of parameters used to 143 construct loci with the denovo_map.pl Stacks pipeline. We ran 11 different de novo assemblies varying 4 144 different Stacks parameters that affect locus, allele, and SNP error rates and the number of loci genotyped, 145 consisting of (1) minimum number of identical, raw reads required to create a stack (-m), (2) number of 146 mismatches allowed between loci when processing a single individual (-M), (3) number of mismatches 147 allowed between loci when building the catalog (-n), and (4) maximum number of stacks at a single de 148 novo locus (-max_locus_stacks) (Table S1 ; Mastretta-Yanes et al. 2015) . Locus error rate was calculated 149 as the number of loci present in only one of the samples of a replicate pair divided by the total number of 150 loci, allele error rate was the number of allele mismatches between replicate pairs divided by the number 151 of loci, and SNP error rate was the proportion of SNP mismatches between replicate pairs.
152
After identifying the most supported parameter settings that minimized locus, allele, and SNP 153 error rates, while maximizing the number of SNPs (-m = 3, -M = 4, -n = 4, max_locus_stacks = 3; Table   154 S1), we exported the SNP matrix with the populations program in Stacks (Catchen et al. 2013) , retaining 155 SNPs that were present in at least 20% of individuals by population, and retaining a single random SNP 156 per locus. This matrix was further filtered for missing data in Plink v. 1.07, first by locus, then by selection relative to neutral background genomic variation with the program PCAdapt (Luu et al. 2016 ).
166
We found twelve, putatively adaptive, outlier loci using a false discovery rate of 10%, so we filtered these 167 outliers out for downstream landscape genomic analyses to avoid confounding neutral demographic 168 patterns with patterns generated by loci under selection.
170
Population genomics and structure 171 Population genomic statistics were calculated for the two sampling regions, the Western Slope and 172 Front Range (Figure 1 ). Observed and expected heterozygosity (Hobs and Hexp), nucleotide diversity (π), 173 inbreeding coefficient (FIS), and population genetic differentiation (FST) were calculated using the 174 populations program in Stacks with SNP loci that passed previous filters, excluding a single individual 175 (sample_1382) that did not pass the 75% missing data threshold. We estimated allelic richness (Ar) using Peakall 1999) using the PopGenReport R package. We then calculated mean genetic distance among 180 individuals for each region, corrected for geographic distance (i.e., genetic distance per km), since 181 individuals that are farther apart are expected to have higher genetic distances due to neutral isolation by 182 distance population processes (Wright 1942; Balkenhol et al. 2016 Table S2 describes methods and justification for converting raw landscape variables to resistance 211 surfaces.
212
Two genetic distance measures were used as response variables in landscape genomic analyses: (Table S1 ; github.com/pesalerno/PUMAgenomics).
252
Population genomics and structure
253
The two study areas encompass similar geographic extents: 11,889 km 2 for the Western Slope and 254 11,958 km 2 for the Front Range ( Table 2) . Measures of genetic diversity (Hobs, Hexp, π, Ar,) and inbreeding 255 (FIS) were similar for the Western Slope and Front Range (Table 2) . However, the effective population 256 size (Ne) was smaller, mean genetic distances among individuals (DPS/km and r/km) were higher, and there 257 was more overall population substructure in the more urbanized Front Range (Table 2, Figure 2 ). We also in the Western Slope, although it differed between the earlier and later sampling periods there, and 262 indicated the population may be expanding (Table S5 ). We found a detectable signature of population 
275
Landscape Genomics
276
The Front Range has more urban development than the Western Slope, with more impervious 277 surface cover and a higher density of roads ( Figure 1 , Table 3 , Table S2 ). The Front Range also has more 278 tree canopy cover, higher vegetation density, and higher annual precipitation than the Western Slope 279 (Table 3) , likely due to the high desert habitats (i.e., the Colorado Plateau ecoregion) in the Western Slope 280 being drier than the grassland and shrub habitats found at lower elevations of the Front Range (i.e., the 281 Great Plains ecoregion; McMahon et al. 2001) .
282
Prior to running Circuitscape, landscape raster surfaces were largely uncorrelated (i.e., Pearson's r 283 < 0.7), with the exception of elevation, which was positively correlated with annual precipitation and 284 negatively correlated with minimum temperature of the coldest month in both regions, and vegetation 285 density, which was negatively correlated with annual precipitation in the Front Range (Table S3 ). After
286
Circuitscape analyses, environmental resistance variables showed more collinear relationships than raw 287 raster surfaces (Table S4) , likely due to Circuitscape resistances being higher for individuals separated by 288 larger geographic distances (McRae 2006) . Therefore, we removed landscape variables from both regions 289 that were strongly correlated with many other variables, until all VIF scores were less than 10 (Row et al.
290
surface cover, tree canopy cover, vegetation density, and minimum temperature of the coldest month.
292
However, vegetation density was still correlated with geographic distance in both regions, and impervious 293 surface was correlated with geographic distance and tree canopy cover in the Western Slope (Table S4 ).
294
We removed these variables as well, resulting in Pearson's r correlations less than 0.7 and VIF scores less 295 than or equal to 4.1 and 3.5 in the Western Slope and Front Range, respectively, for all explanatory 296 variables. Thus final MRDM and MLPE models for the Western Slope included geographic distance, tree 297 canopy cover, stream and river riparian corridors, roads, and minimum temperature of the coldest month;
298 and for the Front Range included the same landscape variables plus impervious surface cover.
299
Landscape genomic patterns of pumas were different in the rural Western Slope compared to the 300 more urbanized Front Range, with the exception of geographic distance being supported in both regions 301 (Tables 4 and 5 ). In the Western Slope, tree canopy cover was consistently positively correlated with gene 302 flow in MRDM and MLPE models, and low minimum temperatures of the coldest month (i.e., those found 303 in high elevation, alpine tundra habitats) were negatively correlated gene flow in one MLPE model 304 (Tables 4 and 5 ). In contrast, in the Front Range, tree canopy cover and percent impervious surface cover 305 were negatively associated with gene flow in the top MLPE models (Table 5 ). Since the relationship 306 between tree cover and gene flow was the opposite of what we hypothesized in the Front Range, we also 307 inverted the tree cover resistance surface (i.e., making higher tree cover = higher resistance), reran 308 Circuitscape and MLPE analyses, and higher tree cover still showed significant negative correlations with 309 gene flow in this region.
311
Discussion
312
The apex predator puma (Puma concolor) persists in many urbanized regions throughout its range, 
331
Population genomics and structure 332
The Western Slope and Front Range were resolved as two genetically distinct groups (i.e., K=2;
333 Figures 1 and 2) . Minimum temperature of the coldest month was also negatively associated with gene 334 flow in one of the top landscape genomic models on the Western Slope (Table 5 ), suggesting there may be 335 restricted gene flow through high elevation, alpine tundra habitats (McMahon et al. 2001 ). However, 336 potential immigrants and admixed individuals were identified moving in both directions ( Figure 2 ) and 337 overall genetic differentiation between the two populations was low (pairwise FST = 0.02; Table 2 ). Since 338 our sample archive consisted of opportunistically collected samples, our analyses were restricted to 339 populations in two distinct regions, whereas pumas occur throughout the southern Rocky Mountains in Colorado. Therefore, potential immigrants and admixed individuals are not necessarily moving between 341 our specific Western Slope and Front Range study areas, but may originate from other unsampled 342 populations that share genetic ancestry with our two study regions. Nevertheless, results from our study 343 suggest pumas may be somewhat limited in dispersing across the high elevation peaks of the Continental
344
Divide, and future studies should attempt to sample more intensively across the entire region to further 345 investigate this trend.
346
We identified similar levels of genetic diversity and inbreeding between the rural Western Slope 347 and more urbanized Front Range (Table 2) With regard to general landscape genomics methodology, we found MRDM to be a much more 383 conservative approach that adds fewer explanatory variables to the models than MLPE (Tables 4 and 5 ).
384
Conversely, MLPE results in more complex models with more explanatory variables and higher r 2 values 385 (genetic variation explained) than MRDM (Tables 4 and 5 ). The different genetic distance measures we 386 used (DPS and r) showed largely consistent relationships with landscape variables, but still provided a few 387 different insights, particularly using MLPE (Tables 4 and 5 ). Overall r 2 values were somewhat low (r 2 = 388 0.04 -0.08 for MRDM, r 2 = 0.11 -0.17 for MLPE), but this is expected for a large carnivore with extreme long distance dispersal abilities (e.g., Short Bull et al. 2011 , Balkenhol et al. 2016 . Isolation by distance 390 was important across models for both regions (Tables 4 and 5) .
391
On the rural Western Slope, tree canopy cover was most important for enhancing gene flow,
392
suggesting pumas prefer to disperse through forests rather than more open shrub and grassland habitats in 393 this landscape (Table 5 ). Forests provide more cover for concealment and ambush predation (Logan and 
400
In the more urbanized Front Range, impervious surface cover restricted gene flow (Table 5 ). This 401 suggests urbanization is limiting gene flow, despite high levels of genetic diversity (Table 2) . Similarly, 402 Lewis et al. (2015) found pumas were less likely to be detected in habitats with residential development, et al. 2003 , 2014 Johnson et al. 2010; Riley et al. 2014) . Our study detected more subtle impacts of 407 urbanization in a less fragmented landscape, within mountainous wildland habitats adjacent to a major 408 metropolitan center, which experiences high levels of human outdoor recreation activities such as hiking 409 and skiing (Figure 1 ). In addition, in contrast with the rural Western Slope and contrary to our initial 410 hypotheses, forest cover was negatively associated with gene flow on the Front Range (Table 5 ). This 411 pattern suggests pumas are more willing to disperse through open shrub and grassland habitats in this 412 region. The reasons for this are unclear, but pumas living in the more developed Front Range may be more 413 acclimated to human activities and thus more willing to travel outside of forested habitats, demonstrating 414 that pumas have a range of adaptable behaviors and will use and move through different types of habitat 415 (Dickson et al. 2005; Blecha et al. 2018) . Pumas may also be hunting more urban mesopredators, 
439
demonstrate that large SNP datasets can allow researchers to identify impacts of urbanization on gene 440 flow, effective population sizes, and patterns of population genetic structure of wide-ranging species, even 441 before fragmentation is extensive enough to greatly reduce genetic diversity. Maintaining genetic 442 connectivity in these "umbrella" species can have outsized benefits towards conserving biodiversity, since 443 preserving broad swaths of contiguous habitats that are necessary for their persistence also benefits many 444 other species with smaller home ranges and narrower habitat requirements (Sergio et al. 2006 (Sergio et al. , 2008  445 Thorne et al. 2006) . 
637
Supporting Information 638 639 
647
653
667
